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DeactivationAlthough in the last decade brain activation in healthy aging and dementia was mainly studied using task-
activation fMRI, there is increasing interest in task-induced decreases in brain activity, termed deactivations.
These deactivations occur in the so-called default mode network (DMN). In parallel a growing number of
studies focused on spontaneous, ongoing ‘baseline’ activity in the DMN. These resting state fMRI studies
explored the functional connectivity in the DMN. Here we review whether normal aging and dementia affect
task-induced deactivation and functional connectivity in the DMN. The majority of studies show a decreased
DMN functional connectivity and task-induced DMN deactivations along a continuum from normal aging to
mild cognitive impairment and to Alzheimer's disease (AD). Even subjects at risk for developing AD, either in
terms of having amyloid plaques or carrying the APOE4 allele, showed disruptions in the DMN.While fMRI is a
useful tool for detecting changes in DMN functional connectivity and deactivation, more work needs to be
conducted to conclude whether these measures will become useful as a clinical diagnostic tool in AD. This
article is part of a Special Issue entitled: Imaging Brain Aging and Neurodegenerative disease.: Imaging Brain Aging and
y, Leiden University Medical
The Netherlands. Tel.: +31 71
eijer),
mbouts@lumc.nl
l rights reserved.© 2011 Elsevier B.V. All rights reserved.1. Introduction
Brain activation in healthy aging and dementia is generally studied
using task-activation fMRI. With this technique, blood oxygenation
level dependent (BOLD) signal differences are studied between
experimental conditions and a control condition. In general, task-
related increases in the BOLD signal are observed [1,2].
In recent years, a substantial amount of fMRI studies on aging and
dementia focused on task-induced decreases in brain activity, termed
‘deactivations’ [3]. Deactivations refer to the observation that brain
activity decreases in the experimental condition compared to the
control condition. These occur over a wide variety of tasks in speciﬁc
brain regions. These regions include the medial prefrontal cortex
(mPFC), posterior cingulate cortex (PCC), precuneus, anterior cingu-
late cortex (ACC), parietal cortex, and in a minority of studies also the
hippocampus [4]. These brain structures are particularly active during
‘rest’ and deactivate during a variety of tasks [5]. This collection of
brain regions has been deﬁned as the ‘default mode network’ (DMN)
(Fig. 1) [5].In parallel with the increasing interest in deactivations in the DMN,
a vast increasing amount of studies focused on spontaneous, ongoing
‘baseline’ activity in the DMN [6]. At rest, the brain is organized in
networks of coherent spontaneous activation, highly similar to
networks of task-induced activations and deactivations [7,8]. Hence,
these networks, including the DMN, show functional connectivity at
resting state.
In the present paper, we review aging- and dementia-studies of
task-induced deactivation and resting state functional connectivity
within the DMN. The DMN is particularly relevant for aging and
dementia since DMN structures are vulnerable to atrophy, deposition
of the amyloid protein, and generally show a reduced glucose
metabolism [9–11].
Task-induced deactivation of the DMN is generally studied with
standardized analysis methods, focusing on decreases in the BOLD
signal during experimental conditions compared to control condi-
tions. In contrast, resting state functional connectivity studies utilize a
variety of post-processing methods [12,13]. The majority of ap-
proaches are model-driven, with strong a priori hypotheses regarding
the functional connectivity between a small brain region (seed) and
the rest of the brain (seed-based analysis). Another often applied
technique is independent component analysis (ICA). With this data-
driven technique, the functional connectivity within large-scale
networks can be analyzed.
In this review we describe DMN resting state functional connec-
tivity and task-induced deactivation studies in normal aging (Sec-
tion 2), Alzheimer's disease (AD) patients (Section 3), and in
cognitively normal subjects at risk for developing AD (Sections 4–6).
Fig. 1. The default mode network. Speciﬁc brain structures that are particularly active in the resting brain and deactivate during a variety of tasks. The DMN includes the mPFC, PCC,
precuneus, ACC, and the parietal cortex and in a minority of studies also the hippocampus.
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amyloid depositions. Amyloid, a major pathological feature of AD, is
a risk factor for developing AD since these protein aggregates
precede clinical AD in asymptomatic individuals. Particularly vulner-
able to early amyloid deposition are posterior regions of the DMN
[11].
An overview of DMN fMRI studies in cognitively normal in-
dividuals at genetic risk for developing dementia is presented in
Section 5. The apolipoprotein E4 (APOE4) allele is associated with an
increased risk of early- and late-onset AD [14,15]. In this section we
will focus on DMN fMRI studies in cognitively normal subjects with
the APOE4 allele.
The ﬁeld of aging and dementia is focusing on the characterization
of the earliest stages of cognitive impairment. Mild cognitive
impairment (MCI) is a transitional state between the cognitive
changes of normal aging and the earlier changes associated with AD
[16]. Since roughly half of the patients with a diagnosis of MCI convert
into ADwithin 3 to 5 years, MCI is a high-risk factor for developing AD
[17]. Section 6 focuses on DMN studies in MCI patients, exploring to
what extent changes in the DMN of MCI patients are similar to
changes in the DMN BOLD signal in AD.
In the last section,we brieﬂy discuss DMN fMRI studies in dementia
with Lewy bodies (DLB) and frontotemporal dementia (FTD).
2. Normal aging
2.1. Resting state
The studies that have been published on healthy aging and
functional connectivity in the DMN during resting state, generally
showed decreased connectivity in the DMN with aging.
In healthy elderly, a decreased functional connectivity was
demonstrated in a variety of DMN brain regions. These included the
PCC, superior and middle frontal gyrus, and the superior parietal
region [8,18–20]. While in these studies younger and older subjects
were compared, one multicenter study analyzed subjects with a
continuous age range from 18 to 71 years, showing a negative
association between age and DMN connectivity [8]. In none of these
studies increased DMN connectivity with advancing age was
observed, although increases in connectivity were noticed in regions
outside the DMN [8].
One study explored age-related effects on functional connectivity
in the DMN in combination with a low level processing task [20]. This
study showed that older adults had decreased functional connectivity
in anterior and posterior components of the DMN (Fig. 2). More
particular, decreased connectivity was observed between mPFC and
PCC, between mPFC and lateral parietal cortex, and between PCC and
lateral parietal cortex.
It is well known that aging is accompanied by atrophy of the gray
matter [21]. Since it is not exactly known how brain structure andfunction are related, it is important to study to which extent decreases
in connectivity can be explained by gray matter atrophy. One study
addressed this question by controlling for regional gray matter
volume, using an average measure of gray matter volume of the
DMN in each individual [18]. After correction for atrophy, the fMRI
observed decreases in functional connectivity remained signiﬁcant,
indicating that the aging-related changes in connectivity are not
solely associated with reductions in gray matter volume.
2.2. Task-induced deactivation
Task-induced deactivation in healthy aging has been reported in
two studies showing decreased DMN deactivation in the elderly.
Elderly subjects showed a decreased task-induced deactivation in the
PCC and medial parietal regions compared to younger adults [22].
Furthermore, a gradual, age-related decreased deactivation in the
DMNwas observedwhen comparing younger, middle-aged, and older
adults [23]. These results suggest that there is an age-related
reduction in the ability to suspend default mode activity [23].
2.3. Summary: aging and the DMN
Aging-related changes in the DMN mainly comprise a decreased
functional connectivity in a variety of brain regions, including the
frontal gyrus, PCC, and parietal regions [8,18–20]. Task-related fMRI
studies showed decreased deactivation patterns in the DMN [22,23].
Decreases in deactivation were especially detected in the PCC and
parietal cortex. These ﬁndings suggest that there is an age-related
reduction in the ability to suspend default mode activity when the
experimental condition requires focused attention [23].
Together, these studies showed that with normal aging both
functional connectivity at rest and BOLD deactivation are diminished
in the DMN. Few data suggest that the extent to which atrophy can be
observed on MRI, does not explain the fMRI changes [18].
3. Alzheimer's disease
3.1. Resting state
Studying the DMN is particularly relevant for patients with AD
since DMN structures are vulnerable to atrophy, deposition of the
amyloid protein, and generally show a reduced glucose metabolism
[9–11]. Studies that investigated DMN functional connectivity in AD
showed that this connectivity was decreased. Other studies found
evidence for an increase in DMN connectivity.
In AD patients with relatively mild memory complaints, the
hippocampus already showed decreased functional connectivity with
themPFC, PCC, precuneus, and ventral ACC [24]. When the PCC is used
as seed region in this patient group, decreased connectivity was found
with themPFC, precuneus [25,26] and parietal cortex [26]. In addition,
Fig. 2.Whole-brain exploratory analyses reveal widespread correlation reductions in aging. Whole-brain analyses of functional correlations between the seed region and each voxel
across the entire brain are graphically overlaid on a combined young and old adult anatomical image. (A) For a seed placed in the mPFC, positive correlations with the mPFC time
course exceeding a threshold of r=0.1 are colored in red to yellow and averaged for all young participants (top) and all old participants (middle). A direct comparison between the
two groups using the young-old contrast (bottom) highlights voxels at a signiﬁcance level of pb0.01. The young group shows higher correlations with many regions comprising the
network. (B) The reverse scenario when a seed is placed in the PCC/retrosplenial cortex. Functional correlations between the PCC/retrosplenial cortex and both the mPFC and the
bilateral lateral parietal cortex, as well as some hint of the hippocampal formation, decline in old age. In this study statistical tests were performed on z values.
Figure and legend reprinted from J.R. Andrews-Hanna, A.Z. Snyder, J.L. Vincent, C. Lustig, D. Head, M.E. Raichle, and R.L. Buckner, Disruption of large-scale brain systems in advanced
aging, Neuron 56 (2007) 928 [20]. Copyright 2007 Elsevier Inc., with permission from Elsevier Inc.
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DMN functional connectivity in patients with mild AD [27]. Another
study that used ICA to analyze fMRI data during a low cognitive
demand task, observed decreased resting state activity in the PCC and
hippocampus, suggesting disrupted connectivity between these two
regions [28].Other studies have focused on regional homogeneity throughout
the entire brain, a method different from between-region connec-
tions. These studies showed an AD-related decrease in regional
coherence in the PCC and precuneus [29,30]. The decrease in
coherence was correlated with disease progression, even when
correcting for gray matter atrophy. In general it is highly relevant to
434 A. Hafkemeijer et al. / Biochimica et Biophysica Acta 1822 (2012) 431–441include local gray matter volumes in the analysis since it is well
known that AD patients show extensive decreases in gray matter
volume in the hippocampus, temporal lobe, insula, sensorimotor
cortex, and occipital lobe [31]. Unfortunately, none of the other
studies focusing on DMN functional connectivity in AD corrected for
gray matter density by including local gray matter volumes in the
analysis.
Few studies investigated the association between resting state
DMN connectivity and disease severity. Comparing different stages of
AD showed that the decrease inDMN connectivitywas associatedwith
AD progression and severity [32–34]. Moderate AD patients showed
more extensive decreased functional connectivity between the
hippocampus and the frontal cortex than subjects with mild AD [32].
Furthermore, the decreased functional connectivity between PCC and
other DMN structures including the mPFC, precuneus, and hippocam-
pus was intensiﬁed with AD progression [33]. Decreased resting state
functional connectivity was found in AD between PCC and right
inferior temporal cortex (Figs. 3 and 4) [34]. Decreased functional
connectivity was positively correlated with disease severity [34].
While most resting state fMRI studies showed decreased func-
tional connectivity in most regions of the DMN in AD, some studies
showed, in addition to decreased functional connectivity, also
evidence for increased functional connectivity. Seed-based studies
showed increased functional connectivity between a number of DMN
brain areas. This was observed between the left hippocampus and
right lateral PFC [24], between the parietal and occipital lobes [26],
and between the PCC and mPFC [25,33]. Increased local homogeneity
of the BOLD signal in AD was observed in cuneus and left fusiform
gyrus [29].
These studies offer the compensatory-recruitment hypothesis as
one of the possible explanations for this increased functional
connectivity [24–26,29,33]. The increased resting state connectivity
is consistent with the assumption of Grady et al. that AD patients use
additional neural resources to compensate for losses of cognitive
function and to maintain task performance [35]. Nevertheless, this
compensatory hypothesis needs to be further investigated in the
context of resting state. Furthermore, to study the potential effect of
local graymatter volume on the increased functional connectivity, it isFig. 3. DMN of the normal control and AD groups. Axial images show the network for the n
letters indicate the speciﬁc regions in the DMN. A: PCC, B: mPFC, C: left inferior parietal c
temporal cortex, G: left hippocampus and H: right hippocampus. T score bar is shown on t
Figure and legend reprinted from X. Wu, R. Li, A.S. Fleisher, E.M. Reiman, X. Guan, Y. Zhang, K
resting functional MRI and Bayesian network study, Human brain mapping (2011) [34]. Cohighly relevant to include local atrophy as additional confound to the
analysis.3.2. Task-induced deactivation
DMN task-induced deactivation studies in AD showed a decrease
in deactivation. Decreased deactivation in medial and lateral parietal
regions was observed during an associative memory paradigm in AD
patients [36]. In medial parietal regions and the PCC, decreased
deactivation was observed with a semantic classiﬁcation task in AD
patients [22]. The mPFC, PCC, precuneus, parietal cortex and
hippocampus demonstrated decreased deactivation during a non-
spatial working memory task and a visual encoding task for episodic
memory in AD patients [37,38].3.3. Summary: Alzheimer's disease and the DMN
The DMN is a particularly relevant network in AD research, since
DMN structures are vulnerable to atrophy, amyloid deposition, and
show a reduced metabolism in AD [9–11]. Decreased functional
connectivity was observed in the mPFC, PCC, precuneus, ACC, and
hippocampus [24–30]. An intensiﬁed decreased functional connec-
tivity was observed with disease severity [32–34]. In addition to
decreased connectivity, some studies showed increased functional
connectivity in the mPFC, PCC, parietal cortex, and the hippocampus
[24–26,29,33]. These studies offer the compensatory-recruitment
hypothesis as one of the possible explanations for the increased
functional connectivity [24–26,29,33]. Task-related fMRI studies
showed decreased DMN deactivations in the mPFC, PCC, parietal
cortex, and hippocampus [22,36–38].
Taken together, most of these studies showed AD-related de-
creases in functional connectivity at rest and BOLD deactivation in the
DMN, with evidence for increased functional connectivity as well. It is
currently not clear to what extent these changes may be explained by
atrophy, since the majority of these studies did not include this
potential confound in the analysis.ormal control (left panel) and AD (right panel) groups, respectively. The white capital
ortex, D: right inferior parietal cortex, E: left inferior temporal cortex, F: right inferior
he right (false discovery rate, P=0.05).
. Chen, and L. Yao, Altered default mode network connectivity in Alzheimer's disease— a
pyright 2011 Wiley-Liss, Inc., with permission from Wiley-Liss, Inc.
Fig. 4. Difference in the functional connectivity of DMN between the normal control and AD groups (normal control vs. AD). Two sample t-test (false discovery rate, P=0.05).
Figure and legend reprinted from X. Wu, R. Li, A.S. Fleisher, E.M. Reiman, X. Guan, Y. Zhang, K. Chen, and L. Yao, Altered default mode network connectivity in Alzheimer's disease—a
resting functional MRI and Bayesian network study, Human brain mapping (2011) [34]. Copyright 2011 Wiley-Liss, Inc., with permission from Wiley-Liss, Inc.
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4.1. Resting state
The deposition of amyloid protein is amajor pathological feature of
AD. Using positron emission tomography (PET) scans it is possible to
image amyloid in the brain [39]. Interestingly, the majority of regions
with amyloid deposition in AD patients are located in the DMN [11]. In
addition to the amyloid plaques observed in AD, deposition of amyloid
is present in cognitively normal individuals [40]. Brain regions
particularly vulnerable to early amyloid deposition are posterior
components of the DMN including the precuneus and PCC [11].
A number of studies have been published that focus on the relation
between amyloid deposition as imaged with PET scans, and resting
state fMRI connectivity. Even when controlling for age and structural
atrophy, decreased functional connectivity was observed between the
PCC and mPFC, and between the PCC and hippocampus in cognitively
normal elderly with high amyloid burden in frontal, lateral parietal,
lateral temporal, and retrosplenial cortices compared to elderly with
low amyloid burden (Fig. 5) [41]. Another study showed decreased
resting state functional connectivity between the precuneus and a
number of areas in cognitively normal elderly with amyloid de-
positions [42]. These regions include the ACC, parahippocampus, and
hippocampus. In addition to the decreased DMN functional connec-
tivity between PCC and mPFC, there is evidence for increasedconnectivity yet outside the DMN in cognitively normal subjects
with amyloid depositions [43].
A recent study explored whether cognitively normal subjects with
amyloid depositions demonstrated disruptions of functional whole-
brain connectivity in ‘cortical hubs’ [44]. These ‘cortical hubs’ are brain
regions with disproportionally numerous connections to other brain
regions [45,46]. When correcting for regional gray matter volume,
disruptions of whole-brain connectivity were observed in the PCC and
precuneus hub regions in cognitive normal individuals with amyloid
depositions.
4.2. Task-induced deactivation
Only one task-related fMRI study has been published that focused
on the relation between amyloid deposition and task-induced
deactivation in the DMN [47]. Decreased deactivation in the DMN
was observed in cognitively normal subjects with amyloid depositions
in a variety of brain areas, including left mPFC, left PCC, and lateral
parietal regions. These structures are similar to the structures with
decreased task-induced deactivation observed in AD.
4.3. Summary: amyloid deposition and the DMN
Cognitively normal subjects with amyloid depositions as observed
on PET scans showed, even when corrected for regional gray matter
Fig. 5. Exploratory whole-brain analyses conﬁrm disruption of the default network including the hippocampal formation. Maps display regions that are signiﬁcantly (cluster-
corrected threshold of pb0.05) correlated with a seed placed in the PCC (shown in blue) for clinically normal participants with (PiB+) and without (PiB−) substantial amyloid
burden. The third column displays regions with signiﬁcantly greater functional correlations in the PiB− than in the PiB+ group. Regions displaying group differences included the
lateral parietal cortex and mPFC, as well as bilateral regions within the hippocampal formation (family-wise error correction of pb0.05 corresponding to pb0.005 in conjunction
with a cluster constraint kN136).
Figure and legend reprinted from T. Hedden, K.R.A. Van Dijk, J.A. Becker, A. Mehta, R.A. Sperling, K.A. Johnson, and R.L. Buckner, Disruption of functional connectivity in clinically
normal older adults harboring amyloid burden, The journal of neuroscience 29 (2009) 12691 [41]. Copyright 2009 Society of Neuroscience, with permission from Society of
Neuroscience.
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PCC, precuneus, ACC, and hippocampus [41–44]. Task-induced
decreased deactivations were observed in the mPFC, PCC, and lateral
parietal cortex [47]. Together, these studies suggest that amyloid
pathology is related to disrupted neural responses in the DMN, even
before cognitive impairment is shown.
5. Genetic risk for dementia
5.1. Resting state
Genetic studies show unequivocally that the apolipoprotein E4
(APOE4) allele is associated with an increased risk of early- and late-
onset AD [14,15]. There has been an interest to use MRI to study brain
structure and task-related fMRI to study brain function in asymp-
tomatic carriers of the APOE4 allele. These studies show hippocampal
and frontotemporal gray matter reduction [48] and a greater task-
related activation in APOE4 carriers relative to non-carriers [49–51].
More recently, deactivation and resting state fMRI studies focused on
the DMN in APOE4 carriers. These studies found altered functional
connectivity and deactivations within the DMN of APOE4 carriers.
Decreased functional connectivity was observed in the DMN
between PCC and precuneus, and between PCC and gyrus rectus in
asymptomatic older APOE4 carriers [52]. Furthermore, this studydemonstrated increased connectivity between the PCC and other
brain areas, including PFC, left parietal gyrus and right hippocampus.
Further, increased functional connectivity was observed between the
hippocampus and the posterior DMN, even when corrected for gray
matter atrophy [53]. A seed-based study showed decreases in
functional connectivity between the precuneus and a number of
DMN regions in healthy APOE4 carriers with the same age [54]. A
recent study showed decreased functional connectivity in older
APOE4 carriers between the PCC and the posterior DMN that included
parietal and temporal cortex [55].
While these four studies focused on elderly APOE4 carriers, two
studies investigated functional connectivity in younger APOE4
carriers [56,57]. Using voxel-wise gray matter as confound, increased
functional connectivity between DMN and hippocampus is observed
in young carriers [56]. This ﬁnding is replicated by another study that
showed increased connectivity between medial temporal lobe and
PCC in carriers [57]. The same study also showed decreased functional
connectivity between anterior and posterior cortices [57].
5.2. Task-induced deactivation
Task-induced DMN deactivation in asymptomatic APOE4 carriers
was investigated in some studies. Older APOE4 carriers showed
decreased task-induced deactivations in the DMN compared to non-
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precuneus (Fig. 6A) [58], mPFC [59] and parietal cortex [52,59]. Since
no support for a direct association between atrophy and deactivation
magnitudes was found [59], further studies are required to establish
the link between DMN deactivation changes and structural changes.
In addition to decreased deactivations detected in older asymp-
tomatic APOE4 carriers, AD patients with an APOE4 allele also showed
decreased deactivation in the PCC compared to AD patients without
this allele (Fig. 6B) [58].
5.3. Summary: genetic risk for dementia and the DMN
Asymptomatic APOE4 carriers have an increased risk to develop
early- and late-onset AD [14,15]. Compared to non-carriers, older
healthy APOE4 carriers show alterations in resting state functional
connectivity. Both decreases and increases have been observed [52–
55]. In younger APOE4 carriers connectivity was increased, not
decreased, between the hippocampus and the DMN [56,57]. Deacti-
vation in APOE4 carriers appeared diminished, not increased, in all
studies [52,58,59].
The DMN abnormalities in functional connectivity and deactiva-
tion in APOE4 carriers are established in the absence of any cognitive
impairment. Furthermore, some studies showed DMN abnormalities
in the absence of cerebral amyloid plaques [56,59]. This indicates that
even without cognitive impairment, the presence of the genetic risk
factor for dementia is related to disruptions in the DMN.
6. Mild cognitive impairment
6.1. Resting state
Characterization of the earliest stages of cognitive impairment is
receiving increased attention in the ﬁeld of aging and dementiaFig. 6. (A) In older controls, fMRI deactivation was signiﬁcantly decreased in the precuneus and
located in the right (R) precuneal cortex, is 16, −64, 38. (B) Similarly, in patients with AD, t
Coordinate of the crosshair, located in the right posterior precuneus bordering to the parieto-o
Figure and legend reprinted fromM. Pihlajamäki and R.A. Sperling, FunctionalMRI assessment o
older individuals, Behavioural Neurology 21 (2009) 85 [58]. Copyright 2009 IOS Press and theresearch. Mild cognitive impairment (MCI) is a transitional state
between the cognitive changes of normal aging and the earlier
changes associated with AD [16]. Since roughly half of the patients
with an MCI diagnosis convert into AD within 3 to 5 years, MCI is a
high-risk condition for developing AD [17]. Structural and functional
MRI studies used in the evaluation of MCI [60,61] support the view
that MCI shares features with AD, such as hippocampal atrophy. More
recently, deactivation and resting state fMRI studies focusing on the
DMN in MCI patients were conducted. These studies showed altered
functional connectivity and deactivations within the DMN of MCI
patients.
Functional connectivity between hippocampi and PCC present in
healthy controls was absent inMCI patients (Fig. 7) [62]. Furthermore,
MCI patients showed decreased functional connectivity between the
PCC and ACC, PCC and frontal cortex, mPFC and PCC, mPFC and ACC,
and between the mPFC and frontal cortex [63]. This study also
compared MCI to AD patients and revealed that the decrease in
functional connectivity in MCI is less severe than in AD.
Given the changes in gray matter volume in MCI patients [63], it is
relevant to further study the relation between structure and function
in MCI. Three studies observed decreased connectivity in MCI, even
when correcting for regional gray matter volume [44,64,65]. One of
these studies observed decreased whole-brain connectivity in PCC
and precuneus in MCI patients with amyloid burden [44]. The PCC and
precuneus showed decreased regional homogeneity in MCI patients
after gray matter correction [64]. The third study showed decreased
amplitudes of low-frequency ﬂuctuations in the mPFC, PCC, pre-
cuneus, and hippocampus in MCI patients [65].
Recently, a longitudinal based study distinguished patients with
MCI who undergo cognitive decline and conversion to AD from those
who remain stable over a 2 to 3 year follow-up period [66]. MCI
converters showed more severe decreased functional connectivity
compared to non-converters. Furthermore, this study observed mostPCC in APOE4 carriers compared to non-carriers. MNI coordinate of the crosshair (x, y, z),
he failure of deactivation was more pronounced in APOE4 carriers than in non-carriers.
ccipital ﬁssure, is 12,−82, 40.
f task-induceddeactivation of the defaultmodenetwork inAlzheimer's disease and at-risk
authors, with permission from IOS Press.
Fig. 7. Resting state network of normal controls (f) and patients with aMCI (F). Each group independent component image contains a pair of two spatial independent component
patterns that are correlated (red) or anticorrelated (blue) with the time course of the component (data not shown). (f/F) The upper row represents the correlated independent
component pattern, the lower row the anticorrelated one. Independent component patterns are superimposed on a single-subject high-resolution T1 image. The black to
yellow/light blue color scale represents z values, ranging from 1.8 to 8.0. Glass brain projections illustrate results of one-sample t tests on the individual back-reconstructed subject
independent component patterns across both groups (Pb0.05, false discovery rate-corrected).
Figure and legend reprinted from C. Sorg, V. Riedl, M. Muhlau, V.D. Calhoun, T. Eichele, L. Laer, A. Drzezga, H. Forstl, A. Kurz, C. Zimmer, A.M. Wohlschlager, Selective changes of
resting-state networks in individuals at risk for Alzheimer's disease, PNAS 104 (2007) 18,762 [62]. Copyright 2007 The National Academy of Science of the USA, with permission from
The National Academy of Science of the USA.
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intermediate decreases were observed in MCI. These effects on DMN
connectivity remained signiﬁcant after controlling for gray matter
volume.
6.2. Task-induced deactivation
Task-induced MRI studies showed decreased DMN deactivation in
MCI patients. Comparing MCI patients to healthy elderly, decreased
task-related deactivation was found in the PCC, precuneus [37,67],
and the anterior frontal lobe [37].
The DMN task-induced deactivation pattern is progressively
decreased along the continuum from normal aging to MCI and to
clinical AD [37,58]. Moreover, it was shown that compared to normal
older controls, less impaired MCI patients had increased task-related
deactivation in medial and lateral parietal regions, whereas more
impaired MCI patients showed decreased deactivation in these brain
areas [36]. The authors offer the compensatory-recruitment hypoth-
esis as one of the possible explanations for the increased task-related
deactivation observed in early MCI.
One study focused on cognitive reserve, which is deﬁned as the
capacity of the brain to endure neuropathology in order to minimize
clinical manifestations [68]. When considering healthy elders versus
MCI patients, task-induced deactivation was modulated by cognitive
reserve in an opposite manner. In healthy elderly high cognitive
reserve is related to decreased deactivation of the DMN. In MCI
patients high cognitive reserve was related to increased activity in
brain areas involved in the task and with increased deactivation in
regions of the DMN. This brain reorganization facilitated by cognitive
reserve may reﬂect behavioral compensatory mechanisms [68].
6.3. Summary: mild cognitive impairment and the DMN
MCI patients showed decreased functional connectivity within the
DMN [44,62–66]. The decreased connectivity was observed in the PCC,
mPFC, ACC, and hippocampus, even when controlled for gray matter
atrophy. MCI converters showed severe decreased functional connec-
tivity compared to non-converters [66]. These results suggest that
resting-state fMRI could be helpful in the classiﬁcation of subjects
with MCI, AD and cognitively normal subjects [69].
Decreased task-induced deactivation in MCI patients was found in
the PCC, precuneus, frontal, and parietal regions [36,37,58,67]. TheseDMN task-induced deactivations are progressively decreased along
the continuum from normal aging to clinical AD [37,58]. There is
evidence that an exception is the group of less impaired MCI patients,
who showed increased deactivation compared to controls [36].
7. Other subtypes of dementia
7.1. Resting state in dementia with Lewy bodies
The secondmost common neurodegenerative cause of dementia is
dementia with Lewy bodies (DLB) [70]. A recent study showed that
DLB patients had decreased functional connectivity between the
precuneus and the mPFC compared to cognitively normal subjects
[71]. DLB patients also showed increased connectivity between the
precuneus and the frontal gyrus, and between the precuneus and the
parietal sulcus.
7.2. Resting state in frontotemporal dementia (FTD)
FTD is another subtype of dementia often seen in younger adults
with early impairments in social cognitive and emotional functions.
While patients with (risk for) AD commonly showed disruptions in
the DMN, FTD patients showed an increased connectivity within this
network, whichwas correlatedwith the clinical severity of the disease
[27,72]. However, the so-called salience network showed decreased
functional connectivity in FTD compared to AD and controls (Fig. 8).
7.3. Task-induced deactivation
At present, no studies have been published on DMN task-induced
deactivation in patients with DLB or FTD.
8. Discussion
This review gives an overview of how normal aging and dementia
affect resting state functional connectivity and task-induced de-
activations within the DMN. Brain structures of the DMN are
particularly active during ‘rest’ and deactivate during a variety of
tasks. This network is particularly relevant for aging and dementia
since DMN structures are vulnerable to atrophy, deposition of the
amyloid protein, and demonstrate reduced glucose metabolism [9–
11].
Fig. 8. FTD and AD feature divergent salience network and DMN dynamics. Group difference maps illustrate clusters of signiﬁcantly reduced or increased connectivity for each
intrinsic connectivity network. In the salience network (A), patients with FTD showed distributed connectivity reductions compared to healthy controls (HC) and patients with
Alzheimer's disease (AD), whereas patients with AD showed increased connectivity in AC and ventral striatum compared to healthy controls. In the DMN (B), patients with AD
showed several connectivity impairments compared to healthy controls and patients with FTD, whereas patients with FTD showed increased left angular gyrus connectivity. Patients
with FTD and AD further showed focal brainstem connectivity disruptions within their ‘released’ network (DMN for FTD, salience network for AD). Results are displayed at a joint
height and extent probability threshold of Pb0.05, corrected at the whole brain level. Color bars represent t-scores, and statistical maps are superimposed on the Montreal
Neurological Institute template brain.
Figure and legend reprinted from J. Zhou, M.D. Greicius, E.D. Gennatas, M.E. Growdon, J.Y. Jang, G.D. Rabinovici, J.H. Kramer, M. Weiner, B.L. Miller, W.W. Seeley, Divergent network
connectivity changes in behavioural variant frontotemporal dementia and Alzheimer's disease, Brain 133 (2010) 1358 [27]. Copyright 2010 Oxford University Press on behalf of the
guarantors of Brain, with permission from Oxford University Press.
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deactivations were observed along a continuum from normal aging
[8,18–20,22,23] toMCI [36,37,44,58,62–67,69] and to AD [22,24–30,32–
34,36–38]. Most severe decreased resting state functional connectivity
and task-induced deactivations were found in AD, intermediate
decreases were observed in MCI, and normal elderly showed less
decreased connectivity and deactivations. Decreased functional con-
nectivity and deactivation in the DMNwas observed even in patients at
risk for developing AD, either in terms of having amyloid plaques [41–
44,47] or carrying the APOE4 allele [52,54,55,58,59].
While most resting state fMRI studies showed decreased func-
tional connectivity, some studies showed evidence for increased
functional connectivity [8,24–26,29,33,36,43,52,54–57]. In young
APOE4 carriers there is evidence for increased functional connectivity
[56,57]. Few data suggest an increase in task-induced deactivation in
early MCI patients compared to advanced MCI [36]. The authors
explained the increased DMN connectivity and deactivation by thecompensatory-recruitment hypothesis in which additional neural
resources are used to compensate for losses of cognitive function and
to maintain task performance [24–26,29,33,36,43,52,56,57]. Never-
theless, this compensatory hypothesis needs to be further
investigated.
In general, fMRI is a useful tool for detecting changes in DMN
functional connectivity and deactivation patterns in patients with AD.
The measurement of intrinsic activity in AD patients might provide a
clinical diagnostic tool as well as implications for intervention and
understanding of the disease [13]. However, more work needs to be
conducted to conclude whether these measures will become useful as
a clinical diagnostic tool in AD.
A challenge for future studies lies in theunderstandingof the relation
between changes in structure and function. While some studies
corrected for regional gray matter volume [18,29,30,41,44,59,64–66],
most studies analyzed either structural or functionalMRI data. Since it is
still unclear how disruptions in functional connectivity are related to
440 A. Hafkemeijer et al. / Biochimica et Biophysica Acta 1822 (2012) 431–441structural damage, a combined approach of different imaging tech-
niques is necessary to get insight into the pathological processes related
to dementia [73].
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